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The role of microbial load during aging of the
adult fruit flyDrosophilamelanogaster is incom-
pletely understood. Here we show dramatic in-
creases in aerobic and anaerobic bacterial load
during aging, both inside the body and on the
surface. Scanning electron microscopy and
cell staining analyses of the surface of aged flies
detected structures resembling abundant small
bacteria and bacterial biofilms. Bacteria cul-
tured from laboratory flies included aerobic
species Acetobacter aceti, Acetobacter tropi-
calis, and Acetobacter pasteurianus and
anaerobic species Lactobacillus plantarum
and Lactobacillus sp. MR-2; Lactobacillus
homohiochii, Lactobacillus fructivorans, and
Lactobacillus brevis were identified by DNA
sequencing. Reducing bacterial load and anti-
microbial peptide gene expression by axenic
culture or antibiotics had no effect on life
span. We conclude that Drosophila can tolerate
a significant bacterial load and mount a large
innate immune response without a detectable
trade-off with life span; furthermore, microbes
do not seem to limit life span under optimized
laboratory conditions.
INTRODUCTION
Humans and bacteria have mutualistic relationships: The
hosts gain nutrients and energy, and their microbes are
provided with a buffered environment, glycans, and nutri-
ents (Backhed et al., 2005). Since immune function is
impaired with age, it might be expected that bacterial
load would increase or be otherwise altered with age
(Frasca et al., 2005). Bacteria levels in human intestine
are reported to remain similar with age; however, changes
in relative species abundance occur, and inflammatory
bowel disease may become more common (Dethlefsen
et al., 2006; Holt, 2003; Hopkins et al., 2001). Several stud-144 Cell Metabolism 6, 144–152, August 2007 ª2007 Elsevier Inies suggest detrimental increases in bacterial load in spe-
cific tissues such as prostate (Wagenlehner et al., 2005).
To study the interactions between a host and its micro-
bial flora, axenic (gnotobiotic) culturing techniques have
been developed for several organisms, including the
mouse (Reyniers and Sacksteder, 1958), Drosophila mel-
anogaster (Geer, 1963), andCaenorhabditis elegans (Hou-
thoofd et al., 2002). In mammals, a diverse microbial flora
is required for normal gut development and function. Axe-
nic mice have been used to characterize a minimum set of
eight bacterial species sufficient to rescue gut function,
called the altered Schaedler flora (ASF) (Ge et al., 2006).
Two of the required ASF species are aerotolerant Lacto-
bacillus strains ASF360 and ASF361.
Bacteria can alter invertebrate host fitness and longev-
ity under appropriate conditions. For example, C. elegans
cultured on axenic medium have longer life span and in-
creased stress resistance (Garigan et al., 2002; Houthoofd
et al., 2002, 2003; Kaeberlein et al., 2006), and pathways
that affect nematode life span, such as sex determination,
insulin-like signaling, and heat-shock factor (HSF) can
also affect pathogen resistance (Garsin et al., 2003; Singh
and Aballay, 2006; van den Berg et al., 2006). Recently,
Brummel and coworkers (2004) found that the life span
of Canton-S strain Drosophila flies was reduced under
axenic conditions and that reintroducing bacteria during
the first week of adult life had benefits for survival.
Drosophila is emerging as an ideal model system in
which to study most aspects of immunity, including innate
immune pathways, cellular immunity, and the metabolic
effects of infection (Dionne et al., 2006; Matova and
Anderson, 2006). The immune response to invading path-
ogens in Drosophila is manifested in at least three ways.
First, a humoral response generates circulating antimicro-
bial peptides (AMPs) through high-level induction of AMP
genes in various tissues. This is mediated through NF-kB
and other signaling pathways that play a conserved role in
the human immune response. Second, a cellular response
results in phagocytosis or encapsulation of the intruders,
and third, a phenoloxidase reaction deposits black mela-
nin around wounds and foreign objects (Hultmark, 2003).
In the Drosophila gut, the dual oxidase (Duox) and
immune-regulated catalase (FlyBase ID FBgn0038465)
are implicated in protecting the fly from ingestedc.
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Microbial Load and Drosophila Life SpanFigure 1. Drosophila Bacterial Load as a Function of Adult
Age
(A and B) The total number of bacterial colony-forming units (cfu) cul-
tured from the surface and the interior of the fly, plotted on log scale as
mean ± SD.Cellpathogens, presumably by production of antimicrobial
ROS (Ryu et al., 2006).
How Drosophilamight maintain and regulate the growth
of potentially beneficial bacteria is unknown. Both the
ROS-type and AMP-type immune responses described
above are attractive as possible mechanisms by which
the fly might regulate gut flora; however, the possible
cost to the fly of these responses, if any, is unclear. Sev-
eral studies suggest an intimate link between immune
function, aging, and life span. Older flies are less able to
suppress the growth of introduced E. coli (Kim et al.,
2001) and less able to induce AMP gene expression in
response to heat-killed bacteria (Zerofsky et al., 2005),
consistent with an aging-related decline in immune func-
tion. The expression of AMP genes increases dramatically
during normal Drosophila aging, and the expression of
certain AMP gene-GFP reporter constructs is partially
predictive of life span in young flies, suggesting a link
between innate immune response and longevity (Landis
et al., 2004; Pletcher et al., 2002). Constitutive activation
of NF-kB signaling and AMP gene expression in fat body
tissue confers enhanced pathogen resistance to trans-
genic flies but also reduces life span, suggesting the pos-
sibility of an obligatory trade-off (Libert et al., 2006). In the
present study, we asked whether Drosophila microbial
load changes with age and how bacteria might affect
survival under conditions otherwise optimized for fly
longevity.
RESULTS AND DISCUSSION
Bacterial Load Increases during Aging
Age-synchronized cohorts of Oregon-R wild-type male
flies were cultured on standard fly food, at 25 flies per
vial, with passage to fresh food every other day. One fly
from each of six different vials was removed and assayed
for bacterial count every week. The bacterial load—both
aerobic bacteria (Figure 1A) and anaerobic bacteria
(Figure 1B)—increased dramatically with age both on the
surface and on the interior of the fly. Significant numbers
of aerobic bacteria were also found on the surface of the
fly food after 2 days of culture with adult flies, and these
levels increased with age roughly in proportion to the aer-
obic bacterial load of the flies themselves (see Figure S1 in
(A) Total bacteria cultured aerobically.
(B) Total bacteria cultured anaerobically (same cohort as in [A]).
(C–G) Life-span analyses. Each panel presents an independent exper-
iment. Oregon-R (O) and Canton-S (C) wild-type flies were cultured
under control (Co) and axenic (Ax) conditions as indicated (C–E) or in
the presence and absence of the indicated antimicrobials (F and G).
Survival is plotted as a function of adult age in days. Each curve repre-
sents R125 flies. Median life span and SD was calculated for each
group, and each experimental group was compared to the corre-
sponding control by log-rank test. Results are presented to the right
of each graph as the median, followed in parentheses by standard
deviation, percent change, and p value. Antibiotics in (F): D = doxycy-
cline, A = ampicillin, K = kanamycin; antifungals in (G): Nys = nystatin,
Ket = ketoconazole. DMSO = vector for antifungals.Metabolism 6, 144–152, August 2007 ª2007 Elsevier Inc. 145
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Cultured Species Identified by PCR
Fly surface Acetobacter aceti Lactobacillus homohiochii (50)
Acetobacter tropicalis Acetobacter aceti (45)
Acetobacter pasteurianus Lactobacillus fructivorans (1)
Lactobacillus plantarum Unidentified sequence (1)
Fly interior Acetobacter pasteurianus Acetobacter tropicalis (80)
Lactobacillus sp. MR-2 Lactobacillus brevis (15)
Acetobacter aceti Lactobacillus plantarum (3)
Lactobacillus plantarum Acetobacter pasteurianus (1)
Cladosporium sphaerospermum Acetobacter aceti (1)
Microorganisms from the fly surface and interior were identified by culturing of bacterial species followed by PCR amplification and
sequencing of 16S rDNA sequences isolated from colonies on plates (‘‘cultured species’’). Additional species were identified by
direct PCR amplification, cloning, and sequencing of 16S rDNA sequences present in DNA extracts obtained from the fly surface
and interior (‘‘identified by PCR’’). One hundred clones were sequenced from both the surface and interior DNA extracts, and the
number of clones corresponding to each bacterial species is shown in parentheses.the Supplemental Data available with this article online).
One possible artifact of the aerobic bacterial counts
from the fly surface and interior might therefore be that
the bacteria are growing on the food and are simply being
transferred to the flies by contact and ingestion, and are
not actually growing in and on the flies. In this scenario,
one might expect the bacteria to be preferentially associ-
ated with the proboscis and the tips of the legs—the parts
of the fly in direct contact with the food. However, the dis-
tribution and appearance of bacteria-like material over
most of the surface of the flies presented below indicates
that bacterial growth does indeed occur on the fly. More-
over, anaerobic bacteria levels also increased with age
both on the surface of and inside the fly, and these bacte-
ria will not grow on fly food under aerobic fly culture con-
ditions. We conclude that at each passage, the flies can
transfer some bacteria to the fresh food, where additional
proliferation of the aerobic species may occur.
Microbial Species Associated with Flies
The bacterial species cultured from flies were identified by
PCR amplification and sequencing of 16S rDNA clones
isolated from individual bacterial colonies. Several Aceto-
bacter and Lactobacillus species were cultured from the
surface and the interior of the flies using aerobic plus an-
aerobic culture conditions (Table 1). To identify any spe-
cies that might be resistant to culture, DNA was isolated
from the fly surface and interior, and multiple 16S rDNA
clones were sequenced, revealing additional Lactobacil-
lus species. The two anaerobic species found on the fly
surface, Lactobacillus plantarum and Lactobacillus homo-
hiochii, are both aerotolerant anaerobes (Archibald and
Fridovich, 1981; Chohnan et al., 1997), perhaps explaining
their ability to survive externally. Moreover, these bacterial
cells may be growing in an anaerobic microenvironment
such as the interior of a biofilm or colony (Fux et al.,
2005), which might also be located in a crevice of the cu-
ticle, as indicated by the scanning electron microscopy146 Cell Metabolism 6, 144–152, August 2007 ª2007 Elsevier In(SEM) analysis presented below. The results are in general
agreement with reports from other laboratories that Ace-
tobacter and Lactobacillus species are associated with
Drosophila laboratory stocks (T. Brummel, personal com-
munication; D. Schneider, personal communication) and
wild-caught Drosophila strains (Corby-Harris et al., 2007;
Kvasnikov et al., 1971) andmake sense in light of the com-
mon name for Drosophila of ‘‘vinegar flies,’’ since Aceto-
bacter species can ferment ethanol-containing liquids
into vinegar. Acetobacter and Lactobacillus species
have also been found to be associated with other insects,
such as themealybug (Saccharococcus sacchari) (Ashbolt
and Inkerman, 1990) and bees (Apoidea) (Mohr and
Tebbe, 2006). Taken together, the data suggest that
both the fly surface and the fly interior create unique envi-
ronments that favor the survival of specific Acetobacter
and Lactobacillus species. This suggests that the verte-
brate gut’s ability to favor the survival of specific micro-
biota (McFall-Ngai, 2006) extends to both the invertebrate
gut and surface compartments.
The common food-borne fungus Cladosporium clado-
sporioideswas also cultured from the interior of flies using
Sabouraud dextrose agar. This fungus was present only
occasionally inside flies, did not increase in abundance
with age (Figure S2), and was not detectable by PCR of
whole fly DNA using fungal-specific primers (Figure S3).
For these reasons, Cladosporium cladosporioides ap-
pears to be associated only with the flies’ food and does
not appear to be growing in or on the fly. No other fungi
were detected in young or old flies by culture or PCR.
The cytoplasmic parasite Wolbachia can affect life span
(Fry et al., 2004) but was not present in the strains used
here as determined by PCR assay (Figure S4).
Analysis of Bacteria on the Fly Surface
The surface of flies was examined by SEM using prepara-
tion conditions designed to preserve bacterial cells,
should they be present. The pictures revealed abundantc.
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Cells on the surface of old flies were detected
using scanning electron microscopy (A–F)
and bromophenol blue (BPB) staining of cells
(G and H). Flies were cultured under either con-
trol conditions (A, B, C, E, andG) or axenic con-
ditions (D, F, and H). The image in (B) is a higher
magnification of the region of thorax bounded
by the white box in (A). Note that BPB gives
background staining of nervous (eye) tissue in
both control (G) and axenic (H) flies. Scale
bars: (A) = 200 mm, (B) = 20 mm, (C) and (D) =
10 mm, (E) = 5 mm, (F) = 10 mm.small spherical objects and debris consistent with individ-
ual bacterial cells, as well as elaborate fibrous structures
indicative of bacterial biofilms (Figures 2B, 2C, and 2E).
The material was present over the entire surface of the
fly, but with a decidedly nonrandom distribution: Larger
accumulations were present in recessed areas of the cu-
ticle and among dense bristles, areas that might be less
accessible to the flies’ grooming behaviors, which include
scraping the body and wings with the legs (Szebenyi,
1969). The size of the cells (about 0.5 mM) was smaller
than typically expected for bacteria (1–2 mM). One possi-
ble explanation for this small size might be shrinkage of
the cells caused by the sample preparation, as can hap-
pen with other cell types and SEM procedures (Virtanen
et al., 1984). However, the size of several species of
bacterial cells was normal when grown on culture plates
and visualized using the same SEM procedures as were
used for the whole flies (Figure S5). Another possibility is
that the small cells represent an as yet unidentified organ-
ism living on the fly. However, based on bacterial counts
and DNA quantification data presented below, it seems
most likely that these structures are abundant Lactobacil-
lus and Acetobacter cells growing to a small size due to
their unique and perhaps harsh environment. Starvation
is reported to cause small bacterial cell size in other situ-
ations (Kim and Fogler, 1999). Consistent with the identifi-
cation of these cells as bacteria, bromophenol blue (BPB)
yielded bright staining of Acetobacter aceti, Acetobacter
tropicalis, and Staphylococcus hominis cells cultured on
plates (data not shown), as well as the bacteria-like struc-
tures on the fly surface (Figures 2G and 2H). Finally, when
cultured on plates and examined by SEM, Acetobacter
tropicalis colonies also contained smaller cells similar to
the ones present on the surface of flies (Figure S5B).
Bacterial Load Is Eliminated in Axenic Flies
The bacterial load was assayed in several ways to confirm
that it was eliminated or reduced in axenic flies. First, SEM
andBPB staining revealed that the bacteria-like structuresCelwere mostly, although not completely, absent from the
surface of old axenic flies (Figures 2D and 2F). Second,
semiquantitative real-time PCR was used to quantify
the 16S rDNA bacterial molecules present in total DNA
isolated from both the fly surface and the fly interior
(Figure S6). The bacterial 16S rDNA gene sequences
were present at 500 per young fly in the control
Oregon-R strain and at 5000 per young fly in the control
Canton-S strain (Figure S6), and, as expected, this num-
ber increased dramatically during aging, to13 107 mol-
ecules per old fly in both Oregon-R and Canton-S strains.
Strikingly, no bacterial 16S rDNA sequences could be
detected in young or old axenic fly samples using this
assay. Third, quantitative PCR was used to assay the
amount of bacterial 16S rDNA present in old Oregon-R
and Canton-S flies (Figure S7). Again, the bacterial 16S
rDNA gene sequences were found to be present at 1 3
107 molecules per old fly, and no bacterial sequences
could be detected in the old axenic flies. Assuming about
five rDNA repeats per bacterial cell (Acinas et al., 2004),
this would suggest that over 106 bacteria are typically
associated with an old fly.
Life Span Is Not Altered by Microbial Load
Life-span measurements of control and axenic flies were
repeated in three separate experiments (Figures 1C–1E).
While the bacterial load of axenic flies was eliminated or
much reduced, there was no consistent difference in life
span between axenic and control flies for either the
Oregon-R strain or the shorter-lived Canton-S strain.
Microbial load was also reduced or eliminated using
antibiotics. Oregon-R flies were treated with combinations
of the antibiotics doxycycline (Dox), ampicillin (Ampa), and
kanamycin (Kan), and bacterial load was assayed on the
fly surface and fly interior by plating total colonies from
both young and old flies. The flies treated with Dox,
Dox+Ampa, and Dox+Ampa+Kan had a greatly reduced
bacterial load relative to controls, while flies treated only
with Ampa and/or Kan retained a high bacterial loadl Metabolism 6, 144–152, August 2007 ª2007 Elsevier Inc. 147
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Microbial Load and Drosophila Life SpanFigure 3. Expression of Antimicrobial Peptide Genes during
Aging of Control and Axenic Flies
(A) Northern blot analysis of total RNA isolated from young (Y) and old
(O) flies of Oregon-R and Canton-S strains, cultured under either con-
trol (Co) or axenic (Ax) conditions, as indicated. The northern blot was
sequentially hybridized with probes specific for the indicated anti-
microbial peptide (AMP) genes and the ribosomal protein 49 (Rp49)
gene as a loading control.
(B) Quantification of northern blot data. Bars indicate mean ± SD.
(C) Semiquantitative real-time PCR analysis of AMP gene induction
during aging in Oregon-R (Or-R) and Canton-S (CS) wild-type strains
cultured under control and axenic conditions, as indicated. Values
are normalized to Rp49 and plotted on log scale as mean ± SD.
Methods are presented in Supplemental Data.148 Cell Metabolism 6, 144–152, August 2007 ª2007 Elsevier I(Figure S8). Therefore, Dox is effective in reducing bacte-
rial growth in and on the fly, while Ampa and Kan have little
effect, at least for the bacterial species assayed here. In-
terestingly, all three antibiotics were effective against
growth of these species on culture plates, and one possi-
bility is that the bacteria associated with the fly are more
resistant to antibiotics because they are growing in bio-
films (Fux et al., 2005). The life span of flies treated with
or without antibiotics was similar, meaning that the altered
bacterial load did not affect the longevity of the flies
(Figure 1F). This is consistent with previous data showing
no or only small positive (4%) effects of Dox on fly life
span (Bieschke et al., 1998; Landis et al., 2003). There
was also no difference in life span between antifungal-
treated flies and controls (Figure 1G).
Since elimination of bacterial load by axenic culture
conditions and antibiotic treatment did not significantly
affect the life span of either Canton-S or Oregon-R flies,
these data indicate that the relatively shorter life span of
the Canton-S strain relative to the Oregon-R strain cannot
be attributed to differences in bacteria species diversity,
load, or toxicity between the strains.
AMP Gene Expression Is Reduced in Axenic Flies
Northern blots were used to assay AMP gene expression
in young and old Oregon-R and Canton-S flies cultured
under control and axenic conditions (Figure 3A; quantifi-
cation in Figure 3B; fold induction in Table S1). AMP
gene expression levels were also assayed using semi-
quantitative real-time RT-PCR (Figure 3C) and quantitative
RT-PCR (Figure S9), and in each case, the results ob-
tained were similar to the northern blot data. The dipteri-
cin, defensin, drosomycin, cecropin, and attacin-A genes
were found to be induced during aging in control flies,
consistent with previous northern blot and microarray
studies (Landis et al., 2004; Pletcher et al., 2002). The ex-
pression of most of these AMP genes was greatly reduced
in the axenic flies, as might be expected considering the
reduced bacterial load. A partial exception was the droso-
mycin gene, in which constitutive expression was higher
and the difference in expression was smaller between
young and old control and axenic flies. Interestingly, it
was the drosomycin-GFP reporter that showed the most
predictive power for life span in previous studies (Landis
et al., 2004). The low level of drosomycin and other AMP
gene expression observed in axenic flies may be due to
the fact that these genes can be induced by other factors
besides microbes (Peng et al., 2005). For example, 100%
(D) Summary of results. Aging is known to decrease immune function
and survival in Drosophila, humans, and other species (indicated by
solid lines). In this study, microbial load and AMP gene expression
were modulated by altering culture conditions and using antimicrobial
drugs; this had little or no effect on survival (indicated by dashed lines).
The data suggest that under the optimized conditions of the laboratory,
life span is not limited by microbes; instead, decreased immune func-
tion leads to increased microbial load and increased AMP gene
expression, and these effects occur in parallel with some other mech-
anism acting downstream of the aging mechanism (or mechanisms)
and causing decreased survival.nc.
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increased AMP gene expression in flies (Landis et al.,
2004). drosomycin is related to human Hepcidin, the
iron-homeostasis gene involved in human hereditary he-
mochromatosis disease (Wang et al., 2005). Perhaps the
drosomycin-GFP reporter is more predictive of life span
because it is relatively more responsive to some other
input such as oxidative stress; this will be an interesting
topic of investigation for future experiments. While high
oxygen tension generally inhibits the growth of bacteria
in culture, here oxidative stress did not cause a significant
change in microbial load, either aerobic or anaerobic, in
the flies (Figure S10). This suggests that any antimicrobial
effect that high oxygen tension might have is not signifi-
cant relative to its likely negative consequences for the
flies’ immune system and membrane integrity. The total
aerobic bacterial count of individual flies and the expres-
sion of AMP promoter-GFP reporter fusions in those flies
was quantified, and a significant positive correlation was
identified for only one out of four strains assayed
(Metch-GFP C2 II; Figure S11). This may be because
different AMP genes respond preferentially to different
pathogens, and the gene being assayed may not respond
well to the particular species being detected in the plating
assay. For example, the plating assay does not count
the total bacterial diversity revealed by DNA sequencing
(Table 1).
Effects of Bacteria on Life Span
In this study, experimental manipulation of microbial load
was found to have little or no effect onDrosophila life span.
In contrast, Brummel and coworkers (2004) previously
reported that the life span of Canton-S flies was reduced
under axenic conditions and that reintroducing bacteria
during the first week of life had a positive effect on longev-
ity. The most likely explanation for the difference in results
is the different culture conditions used. In the Brummel
study, Canton-S mean life span was about 50 days, while
here, Canton-S mean life span was also about 50 days
and Oregon-R mean life span was 70 days, so overall
life spans were similar. However, the food used in the
Brummel study contained sucrose, while the food used
here did not, and one possibility is that bacteria alter the
sucrose or the flies’ response. Another intriguing possibil-
ity is that there was a beneficial or detrimental microbial
species present in the Brummel experiments that was
not present here. In that study, fly food was sterilized by
irradiation, while here, it was autoclaved. Perhaps specific
bacteria have a beneficial or detrimental effect on fly sur-
vival only when other organisms are present. For example,
in humans, Lactobacillus species have been found to pro-
tect the urogenital and intestinal tracts from infection by
pathogenic bacteria (Reid and Burton, 2002). Conversely,
in moth larvae, infection by Bacillus thuringiensis is toxic
only when native gut flora are present (Broderick et al.,
2006). We conclude that Brummel and coworkers have
identified culture conditions that reveal the benefit of spe-
cific microbial flora, while we have identified optimized
culture conditions that make life span largely independentCellof the presence or absence of microbes and the induction
of a robust innate immune response (summarized in Fig-
ure 3D). The data argue that any metabolic expenditure
by the fly required to support the bacterial load and the
innate immune response occurs without a cost to life
span, as might be predicted by models in which longevity
is limited by metabolic resources available for somatic
maintenance. It will be of interest in the future to character-
ize the physiological factors that do limit the life span of
flies under these optimized conditions where longevity is
maximized and microbial load and induction of the innate
immune response appear largely inconsequential.
EXPERIMENTAL PROCEDURES
Fly Stocks and Culture
Drosophila culture and life-span assays were performed as previously
described (Ford et al., 2007). Stocks were maintained on standard
cornmeal agar medium containing the antifungal agent Tegosept
(Sigma) at a final concentration of 11 mM. The food recipe was as
follows: 105 g dextrose, 7.5 g agar, 26 g yeast, 50 g cornmeal, and
1 l purified H2O were mixed and boiled for 30 min with constant agita-
tion, and 1.7 g Tegosept dissolved in 8.5 ml 95% ethanol and 1.9 ml
propionic acid (99%, Mallinckrodt Baker) was added. For axenic con-
ditions, plastic vials containing fly food were autoclaved for 25 min.
Life-span measurements were made at 25C, with 25 flies per vial,
and flies were transferred to fresh vials ever other day. Females were
excluded from the experiments to reduce the life-span assay workload
and expense by half. In addition, males were chosen over females
because in general, female life span appears to be more affected
by subtleties in the food source (Magwere et al., 2004), which in turn
might be affected by the presence or absence of bacteria growth on
the food.
Antibiotic Treatment
Food vials were adjusted by adding 100 ml of concentrated stock solu-
tions of antibiotic in purified water and allowed to dry overnight to yield
final concentrations in the food of doxycycline (Dox; 640 mg/ml), ampi-
cillin (Ampa; 640 mg/ml), and kanamycin (Kan; 1 mg/ml). Dox was
purchased from Sigma; Ampa and Kan were purchased from Shelton
Scientific.
Axenic Fly Culture
Collections of 12 hr embryos were sterilized by successive rinses in
Drosophila saline, 0.25% Clorox, and 0.04% n-alkyl dimethyl benzyl
ammonium chloride (Geer, 1963). These embryos were transferred
into axenic food vials. Axenia of the embryos was confirmed by
performing 16S rDNA PCR on homogenates of the adult flies and by
plating the homogenates on nutrient agar plates (Weisburg et al.,
1991). The flies were transferred every other day into new axenic
food vials.
Bacterial Counts from Flies
At the indicated time point during adult life span, a single Oregon-R
male was removed from each of six different vials (each vial contained
25 flies). For bacterial counts on the fly surface, each fly was washed
in 0.8ml sterile H2O for 2min. The bottom 100 ml of water was kept after
centrifugation in an Eppendorf Centrifuge 5415D at 13,200 rpm for 10
min. This 100 ml of concentrated bacteria was diluted as necessary and
spread on plates. The number of colonies was counted after 3–5 days
incubation under either aerobic or anaerobic conditions. The values
obtained for the six flies were averaged, and standard deviations are
indicated in the figures. Nutrient agar was used for aerobic culture
media, and TPGY (tryptone peptone glucose yeast extract) was used
for anaerobic culture media (Ferreira et al., 2003). For bacterial counts
inside flies, each fly used above was surface sterilized by immersion inMetabolism 6, 144–152, August 2007 ª2007 Elsevier Inc. 149
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each wash. Each fly was then homogenized in 100 ml sterile PBS using
a small pestle for about 1 min, until pieces of tissue were no longer vis-
ible. The homogenates were diluted as necessary and plated as above.
Anaerobic culture conditions were generated using the BBL GasPak
150 Large Anaer System (VWR International).
Identification of Cultured Bacterial Species
At the end of the incubation period, discrete colonies were aseptically
removed and restreaked on nutrient agar. A single and discrete bacte-
rial colony was picked and mixed with 50 ml PBS, and 2 ml was used as
the PCR template. 16S rDNA sequences were amplified using the
universal primers 50-AGAGTTTGATCCTGGCTCAG-30 (27F) and 50-
GGTTACCTTGTTACGACTT-30 (1492R) (Weisburg et al., 1991) and
the following PCR protocol: (1) 94C for 10 min; (2) 30 cycles of 94C
for 1 min, 54C for 1 min, 72C for 2 min; (3) 72C for 5 min. The
PCR products were sequenced at the USC/Norris DNA Core Facility.
To determine the bacterial species, the results were compared to
known sequences in databases using BLASTn (http://www.ncbi.nlm.
nih.gov/BLAST/).
Identification of Bacterial Species by PCR
Ten Oregon-R flies at 60 days of age were washed in 0.8 ml distilled
water for 2 min. The distilled water was centrifuged for 10 min, and
the bottom 0.1 ml of water was kept as the surface bacteria sample.
To obtain fly interior samples, flies were washed in 70% ethanol for
30 s and then homogenized. Total DNA was extracted from the
surface and interior samples using the ZR Genomic DNA II kit (Zymo
Research). Bacterial 16S rDNA gene sequences were amplified by
PCR using the universal primers 27F and 1492R. The PCR products
were subcloned by the TOPO TA cloning method (Invitrogen) and
sequenced.
Northern Blot Analysis
Total RNA from 30 control and 30 axenic flies was extracted using
TRIzol reagent (Invitrogen). For the Oregon-R strain, young flies were
14 days old and old flies were 68 days old (50% survival for the
cohort). For the Canton-S strain, young flies were 14 days old and
old flies were 55 days old (50% survival for the cohort). Northern
blot experiments were performed essentially as described (Landis
et al., 2004).
Semiquantitative Real-Time PCR Assay of Bacterial Load
The 16S rDNA gene sequences were amplified from Acetobacter aceti
DNA using the universal primers 27F and 1492R, quantitated by spec-
trophotometry, and used as the standard. Total fly DNA was extracted
from 20 control and 20 axenic flies at 50 days of age using the ZR
Genomic DNA II kit (Zymo Research). PCR primers and reaction cycles
were the same as used above to amplify 16S rDNA genes. Standard
DNA was amplified in parallel reactions alongside the experimental
samples. Real-time PCR was performed using the Bio-Rad DNA En-
gine Opticon 2 real-time PCR detector and SYBR green dye (Shen
et al., 2006; Skovhus et al., 2004). Experimental sample concentrations
were derived from standard curves (Figure S6).
Scanning Electron Microscopy Assays
Control and axenic flies (five each) at 50 days of age were assayed by
SEM. SEM examination was performed at the House Ear Institute us-
ing an XL30 SFEG machine (FEI Company) and previously described
procedures designed to preserve bacterial cells and biofilms (Webster
et al., 2004). Briefly, the Oregon-R flies were immersed in liquid pro-
pane followed by freeze substitution and critical point drying. They
were then sputter coated with platinum and examined under the scan-
ning electron microscope. To perform SEM of bacterial species grown
on plates, several bacterial species were grown on nutrient agar under
aerobic conditions to produce discrete colonies. The plates were prep-
ped and assayed by SEM analogous to the procedure for whole flies
(Figure S5).150 Cell Metabolism 6, 144–152, August 2007 ª2007 Elsevier InStatistics
Survival analysis was performed using two-sided log-rank tests. The
Cox proportional hazards regressionmodel was usedwith the Breslow
method as a default. All analyses were performed using the R 2.4.1
statistical environment (R Development Core Team, 2006).
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, one table, and 11 figures and can be found
with this article online at http://www.cellmetabolism.org/cgi/content/
full/6/2/144/DC1/.
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